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1. Introduction 

1he first observation of weak interactions is now over 75 years old. 1 

An impressive array of LU1derstanding of a vast number of phenomena has been 

achieved for low energy processes, and yet some of the simplest questions 

that can be asked about the basic nature of the weak interaction can not 

presently be answered. In many ways we know less about this interaction 

than we do about the strong interaction. Apparently Heisenberg was the 

first to recognize the significance of the dimensionality of the coupling 

constant of the lowest order current-current interaction. 2 The lowest order 

interaction being 

where jA, j~ are appropriate 01rrents and G is the coupling constant. G has 

the dimensions of (length) 2 or (l/m) 2 with a ntunerical value 

G = r1.01 x 10-5)/(mp)z 

In order to £om a dimensionless parameter for the weak interaction it is 

frequently suggested to uses and to fom the parameter3 

>. = Gs, 

s being the only parameter of the scattering process that sets a length 

-2 (or m ) scale (sis the center of mass energy squared). 

There is at present no experimental infomation that sets the length 

scale of the weak interactions. However there are two theoretical suggestions 

as to what the length scale might be. 

1. TI1e 'length' at the tmitarity limit. If the weak interaction was 

pointlike all two body cross sections would rise like 

G2s -
7T 

and being pointlike only the S wave interaction is allowed. However, the 

(2) 
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t.mitarity limit for the cross section for S wave scattering goes as n/s, 

thus at a large value of s the weak interaction cross section must be 

modified to avoid a t.mitarity violation (at the energy~= fr)- The 

length associated with this. value of s (which was called the 'fundamental 

length' by Heisenberg) is 

Note that, by definition, the dimensionless coupling constant 

(3) 

(.4) 

thus indicating that the weak interactions actually become 'strong' at these 

very high energies. ·It appears that the intrinsic strength and the range of 

force of the weak interactions are therefore intimately tied together. ' The 

interaction is strong in the sense that the S wave cross section is as large 

as any S wave cross section can be. (In strong interactions the low partial 

wave~ are strongly absorbed and thus the S wave cross section probably does . 

not stay at the llllitarity limit; thus at the llllitarity limit the weak 

interaction cross section would likely exceed the strong interaction S wave 

cross section, however, the actual cross section would only be cr "'G"' lo- 33an2 
TI 

-26 2 · . 
compared to"' 3 x 10 an for hadron scattering cross sections, because of 

the large number of angular momentum states excited in the hadron scattering.) 

2. A second way to set the 'length' scale for weak interactions is to 

imagine that the exchange of a massive boson is responsible for the weak 
. 4 

force between two particles. The mass Ct\,) of this hypothetical boson then 

sets the scale 

R, '\, 1 
w g 

w 
' (S) 



276 

and the coupling constant for the W coupling to say two leptons is semiweak 

and given by 

2 2 g ~CM ~A. w w 

Tims the larger the mass M , the stronger the semiweak interaction becomes. w 

111is .illustrates again that the fundamental nat1ire of the weak interaction 

is presently indetenninate, there being a tradeoff between the strength 

and the range of the interaction. Experimentally it is, therefore, necessary 

to dete1mine either the ftmdamental dimensionless coupling constant or 

directly measure the range of the interaction. Clearly measurement of a 

distance of 10-17an is a very ambitious tmdertaking since momentlDTI transfers 

of "'(300) 2 C-ieV / c2 would be required. Nevertheless as discussed later we 

might contemplate observation of momentlDTI transfers of (30) 2 within the 

decade, in forthcoming neutrino experiments allowing a probe of distance 

down to "' 10-16 an. 

There have been other· suggestions as to a fundamental length of weak 

interactions in tenns of the exchange of .scalar bosons and a variety of 

other postulated particles.5 These particles were invented to provide a 

renonnalizable theory of weak interactions.5 

Recently a dispersion theoretic approach has been applied to the 

question of the high energy behavior of weak interactions starting with the 

posthtunous paper by Pomeranchuk~' 70ther calculations have followed this lead,8 

There are no finn conclusions to be drawn from such analyses but some very 

interesting speculation about the processes that may dominate the weak 

interactions at high energy are made. Also, as shown by Pomeranchuk ,6 if the 

weak .interaction becomes long ranged at high energy with a cross section that 

approaches that of strong interactions, such a behavior cannot set in before 



an energy of the unitarity energy ~- Dolgov, Okun and Zakharov have 

attempted a dispersion theoretic estimate of the lower limit of the 

contd but ion from higher order weak diagrams for lepton- lepton coll is ions. 8 

Other theoretic attempts at handling the higher order weak interactions 

have focused on a stmmation of the contributions from all higher order 

diagrarns~' 1Ch1e first such attempt known to us was made by Feinberg and 

Pais and more recently by Arbuzov. 9 

An interesting proposal for modifying the weak interaction was made · 

by Gell-Mann, Goldberger, Kroll and Low~1Their proposal would lead to a 

modification of the universality of first order weak interactions such that 

the diagonal and nondiagonal lepton-lepton processes would _proceed with 

different rates. 

Many other suggestions have been made for calculating the higher 

order diagrams or for fornrulating a renonnalizable theory of weak interactions. 

(See Reis. 12, 13, 14, ~s, 16- for an incomplete list) . 
, 

A promising way to separate (or estimate) the range and 'intrinsic' 

strength of the weak interaction is through the observation of a certain 

class of higher order weak interaction processes. While the validity of 

such calculations is certainly not proved, as order of magnitude estimates 

these calculations make some sense, especially when applied to pure leptonic 

t 15,16,17,18,191£ l. h d ak d · 11 sys ems. 11g er or er we processes are suppresse 1n a systems 

relative to first order processes then the observation of higher order weak 

processes will likely be carried out with low energy weak interaction processes 

sud1 as a rare decay mode of K mesons because of the possible large abundance 

of sum decay particles. 

J\t the same time study of high energy weak interactions bring us closer 
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to the tmitarity limit where we expect surprises. These studies will 

likely be carried out with high energy neutrino beruns or colliding lepton 

beams. In fig • . 1 we attempt to sumnarize the present and projected range 

o~ energies available for weak interaction studies as well as the present 

range of transition rates that have been studied for K decays, in particular, 

in this figure we attempt to show the regions in these variables where new 

surprises in the weak interaction might be expected. The 100ral to be gained 

£ran this graph is that already experiments have covered a large range of 

energy and transition rates and we are close to the regions where surprises 

might be expected. 

A short st1m1ary o,f the experimental measurements needed to 'tmravel' the 

range and 'intrinsic' strength of the weak interaction is in order. The 

·'intrinsic' range and 'intrinsic' strength are assmed to be tied together 

in such a way that 

(6) 

where g is the intrinsic coupling strength and mt is a mass that characterizes 

the range of forces. 

There are basically three ways to detect or measure the value of mt 

1. Study high 100mentun transfer processes observing the effects of 

m1 in the fonn factor 

~ B (m ]2 
u +t/· J2 

(7) 

2. Study very high energy scattering; in the vicinity Is~ mt where 

higher part1al waves will enter the weak interactions and a 'break 

down of locality' will occur. 

3. Observe processes that can only ·proceed by 2nd or higher order weak 

interactions and assune (on the basis of the perturbation theory 
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allogrim) that the rate for such processes related to that for 

first order processes is, order of magnitude, 

r 2nd order ~ G2 4 r 1st or er mi. (8) 

In a more careful perturbation calculation. the ratio of second to first 
19 order rates becomes 

(9) 

where A is a cut off mass that is used to remove the divergence of the 

integrals associated with second order contributions. For nonleptonic or 

semileptonic pro~esses these calculations assume that the range or size of 

the strong int~ractions does not provide a cutoff to the integra1. 15 , 20such 

an asslDllption can be justified on the gromds of current algebra or the 

quark model or any model where the weak current couples to pointlike 

objects inside the hadron (like the parton mode1)~1,
2
towever, this asstmtption 

does seem to violate simple minded intuition that the,hadrons can not 

generally support high momentum transfers. Recent observations of inclusive 

processes where hadrons appear to be capable of supporting high momentum 

transfers;4can be explained by parton .or quark pointlike structures~2,2'.\iowever, 

it is not clear that pointlike structure is necessary to explain this 

phenomena (nor in fact that it is really sufficient) and more rmmdane explana­

tions of the deep inelastic scattering have b~en proposed~5 Therefore, it is not 

presently clear that the higher order processes are not cut off by the 

strong interaction in semileptonic or nonleptonic processes. For this 

reason it_ is very important that leptonic processes be studied. 

Experimentally techniques 1 and 2 require high energy particle~ and 

the poss i hi I itics for such studies are only nmv becoming availahle with the 
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advent of high energy machines such as NAL and the CERN 300 GeV machine. 

In practice such studies will likely be carried out using high energy 

neutrino beams. 

1ne direct observation of higher order weak processes will likely depend 

on the intervention of a selection rule in first order weak interactions 

that are violated by the higher order processes. However, in some cases it 

may be necessary to separate higher order weak processes from first order 

contributions by observing the nonlocality generated by the higher order pro­

cess~6' 27 Generally, therefore, the detection of higher processes will only 

be as sensitive as the validity of the selection rule. So far the best 

obeyed selection rules ~ppear to be the absence of neutral currents in 

semileptonic processes and the l~SI < 2 rule for nonleptonic processes~8 

In the next section we review the present status of the selection rules 

obeyed by the weak interaction. 

It is i11teresting to note the different dependence on m.R. in techniques 

1 - 3. For land 2 the larger m.R. the more difficult it becomes to 'measure' 

m.R. (or to detect a deviation from m.R. ~ oo). However, for the higher order 

corrections, especially for lepton-lepton collisions, the larger m.R. the 

easier it is to 'measure' m.R.. Of course perturbation intuition may fail here 

but if it does not then these techniques are complementary and should all 

be-pursued. For example, it is difficult to foresee in the near future 

experiments that attain momentum transfers of (300) 2 GeV/c2 and therefore 

mt I\, 300 GeV would be hard to observe by techniques 1 or 2. However, for 

m1 '\, 300 GeV the higher order corrections become maximal and might be detected 
+ -eventually in e e collisions as disa1ssed below. 

In table 1 we have attempted to stnmnari:e the present guesses for the 

limit on A from variow; viewpoints, the low values of A all come from 
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semileptonic processes or nonleptonic processes. This table might be 

viewed in the following way; there are hints that the weak interaction 

cutoff 1s low and therefore something interesting is expected to occur 1n 

· weak interaction processes for rs rt 10 GeV. Also if the weak force is 

transmitted by an intermediate vector boson the mass is expected to be 

relatively low compared to the unitarity limit. However, these speculations 

are based on calculations that in all cases involve hadrons in the weak 

process. It may still be that the low values of A in table 1 are (i) determined 

by the strong interaction range or (ii) that perturbation th~ory is not 

relevant. To answer the first question will require the study of leptonic 

processes at larges. Probably the answer to question (ii) will require study 

of weak interaction processes very nears~ 1/G. 

The plan of this paper is essentially spelled out in the index. We 

first review the status of various weak interaction selection rules and 

discuss briefly the prospects· for detecting intermediate vector bosons in 
, 

the near future. The rest of the paper is broken up into sections that are 

classified by the kinds of particles that participate in the weak process. 

Each section d~als with the processes suitable for detecting higher order 

weak processes or the high energy behavior of the weak interaction·for that 

particular system. 

a. Status of Various Selection Rules 

The selection rules in weak interactions are not presently required 

by any basic theory; the rules being almost completely empirical. For this 

reason it is not known how exact such rules should be, and in fact some 

selection rules are known to be broken at the 5% level in the amplitude. 

llowever, some selection rules are suspected to be exact in first order weak 

interactions, but perhaps broken in higher orders. If this is true then the 
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observation of a violation of the ntle would be a signature for higher 

order processes ; but, it need not be since the n1le nn.ight simply be broken 

by the first order weak interaction. Since the observation of the violation 

o~ CP invariance, we know that sometimes very small violations in weak 

amplitudes {or super weak) can occur, and perhaps small violations of other 

selection rules might equally be observed. However, in the case of the 

absence of neutral semileptonic currents (6Q = 0, 6S; 0 processes), the 

upper limit on the violation has now been shown to be three orders of 

magnitude lower than the Ql violation ratef9 perhaps indicating that the 

absence of neutral currents is a better selection rule than CP invariance. 

In table 2 the cur'rent upper limits on the amount of violation for 

weak amplitudes for the selection rules is presented for: 

6Q.,. 0 leptonic processes 

t..Q 'f 0 semileptonic processes 

6S = 6.Q semileptonic processes 

AS< 2 semileptonic processes 

6S < 2 nonleptonic processes 

A notable point in this table is the absence of any useful limit on the 

!Y.Q r O selection rules for purely leptonic systems. Remarkably, the only 

well tested selection rule is the t..Q; O, semileptonic rule, and only for 

the 6S r O subclass. 

The 6.T = 1/2 selection rule is now known to be broken by about 5% in 

the amplitude for several processes suggesting that the rule is only 

approximate in all cases. We, therefore, neglect this nile in table 2. 

Similarly, second class current in semileptonic amplitudes may come in at the 

same level. 

----
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One moral that might be drawn from table 3 is that when searching 

for higher order weak processes, violations of the (6Q; 0, semileptonic) 

rule would be more likely to pay off because the other selection rules have 

yet to be tested to a sensitive level. For example, if the higher order 

processes come in at the relative amplitude level of lQ-6, this is 4-5 

orders of magnitude in the amplitude lower than these selection rules have 

been tested, but only one or two orders below the (6Q; 0, 6S; 0 semilep­

tonic) rule. Even if the second order process comes in (1-2) orders of 

magnitudes below a primitive neutral current, it might still be possible to 

separate the higher order process as discussed below. 

b. Detection of Intermediate Vector Bosons 

The discovery of one or more bosons that couple semiweakly to leptons 

and hadrons and thus are ,candidates for the 'mediators' · of weak interactions 

would go a long ways towards answering the .basic questions about weak 

interactions posed in the introduction. Thus the search for such hypothetical· 

but crucial states is of great ·iniportance and experimenters are well .aware 

of this as can be proved by looking at the current proposals for experiments 
32 

at the NAL. 

With . the advent of high intensity neutrino beains at NAL or _CERN it 

should be possible to produce, in a massive detector, adequate munbers of 

W vector bosons to discover such a particle if the mass is below '\, .12-15 Gev. 33 

• It also appears that the boson can be .detected independent of the relative 

branching fraction in~o leptonic and hadronic final s~ates and, therefore, 

a conclusive search can be made in this mass range. 34 

Higher mass bosons might be detected in hadronic or photonic interactions 

at NAL or CERN up to the mass of 30-40 GeV, provided the cross sections for 
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the production arc comparable to the estimates of Ledennan and Pope and 

provided the boson decays via the leptonic decay mode3.5 We emphasize that 

in the range of 15-40 GeV it will likely be impossible to conclusively 

exclude the existence of the intenne<liate vector boson because of the 
' 

uncertainty o.f production cross sections and decay rates. 11ms, up to 

"-' 15 CieV an exhaustive search can be made and if conditions are favorable 

a W of mass 15-40 GeV could be detected. 

The observation of a scalar charged meson is virtually impossible due 

to the expected small production cross section and the suppression of the 

leptonic decay mode!6 If neutral vector bosons exist (perhaps producing so 

far tmdetected neutral Ieptonic current processes) and have any mass above 

the kaon mass, they likely would not have been detected up to the present. 

A neutral W0 could be produced in e+e- collisions, but sensitive experimental 

searches have yet to be carried out in these processes .37 It has been proposed 

to search for the existence of W0 bosons using the process e + e - -+ µ + µ - •38 This 

seard1 should be sensitive to the existence of any W0 boson with mass below 

8 GeV using colliding beam facilities such as SPEAR}8 
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2. Lepton-Lepton Collisions 

Without the obscuring effects of the strong interactions, lepton­

lepton scattering provides a 'clean' study of weak interactions. Ex­

perimentally, the detection of weak lepton-lepton processes is just 

corning into the Pange of experimental feasibility. There are basically 

three kinds of processes that may yield practical and interesting re­

sults: 

Vi+ z-+ t +I+ Vt+ z 

Vt+ t-+ Vt'+ t' 
+_weak + _ 

e e -+ µ µ 

(10) 

(11) 

(12) 

Study of the first two processes is becoming feasible because of the 

advent of high energy-high intensity neutrino herons at NAL and CERN. 

The s available to such processes, however, is likely to be limited to 

the range 

s"' 2m E ~ s x 10-1 Gev2 
e V ~ 

For processes like 10 the requireraen~s of coherence limits the mass of 

the three leptons to equally small values • . Process 12 is the only one 

where values of s can be obtained where surprises and perhaps departures 

from• the standard lowest order weak interaction ~ may occur. In this 

case, s values in the vicinity of 

s "' 10 - 64 GeV
2 

might be attained with storage ring machines that are presently being con­

structed. 
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Unforttmately, since weak interactions are in general ovetwhelmed 

by electromagnetic interactions in process 12 , u special dispensation 

is required to observe weak interactions. It has been recently specu­

lated that such a dispensation may occur tmder special circtnnStances at 

colliding berun facilities such as SPEAR. 38 

a. Deviations from the Universal V-A Theory in Lowest Order--the 

Diagonal Coupling 
11 Gell-Mann, Goldberger, Kroll and Low have suggested a theory of 

weak interactions in which the leading divergences occur only in the di­

agonal interactions (i.e. (~e)(vee) tenns), which are thus speculated to 

be quite tmconnected with the off diagonal interactions (i.e. (vee)(vµµ) 

tenns). Thus, higher order·weak corrections may be manifested in a re­

sulting difference between the diagonal and off diagonal coupling con­

stants, which in turn would be observable ins-+- 0 processes. In order 

to test this idea it will be necessary to compare processes like 

with processes like 

ve + e -+- v + e . e 

-
V + e -+- µ + V µ e 

(13) 

(14) 

(15) 

Forttmately, these processes will likely be measured in the near future 

and the issue'can be resolved. 

Observation of process (14) may be accomplished in neutrino experi­

ments currently tmdetway at CERN using the Gargarnelle bubble chamber or 

in early experiments at NAL using the 15' bubble chamber filled with 
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Reaction (13) is the most problematic since free nruon targets do 

not exist in nature·. A convenient substitute for this process is the 

process40 

(16) 

This process can likely be detected also at NAL and the Harvard-Penn­

Wisconsin Collaboration experiment (ElA) has been designed with this pro­

cess in mind. I will not go into detail concerning the proj-ected exper­

imental difficulties in studying this process since Professor Mann has 

described this in his talk. If this process can be separated from back­

grotmd at NAL, it should be possible to make a 10%_measurement of the 

cross section. Incidentally, the calculations of the rate for process 

(16) are presently only good to~. 10%.40 

We JJIU,St emphasize, however, that the bulk of the ,events detected 

at NAL, even - though the neutrinos are high energy, will ·likely have a 

low µ \,µ invarient mass and thus the study of process (13) via (16) is 

at small s. 33 ,40 Nevertheless, it_ should soon be possible to experimen­

tally carq>are the diagonal and off-diagonal coupling constants· at lows 

and thus decide on the GGKL conjecture. 

b. Psuedo Neutral Leptonic Currents 

(iJ Space like 

At present there is no evidence to support the absence of first or­

der neutral currents coupled only to leptons (see table 2) • Recently it 

has been conjectured by Weinberg and others that such currents could 

exist in a renonnalizable theory of weak and electromagnetic interactions. 13 
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The most convenient processes to use to search for neutral leptonic cur­

rents in first order are 

-+ \) + e 
µ (17) 

(18) 

Again process (17) is on the verge of detectability in present or near 

future experiments. For example, process (17) can perhaps be detected 

in the present CERN studies with Gargamelle if the cross section is no 

less than"' 5 times smaller than the present limit on this process. 41 

The present limit on the cross section for (17) relative to the cross 

section expected f~r process (14) (on the basis of the universal V-A 

th ) . 42 eory 1s 

cr(\Jµ + e -+ \Jµ + __ e -) 
-~-----'--- < 0. 4 
a(\Je +· e -+ \Je + e-) 

(19) 

The lower limit of this ratio predicted by the theory of Weinberg is13 

a(\Jµ + e -+ vp + e-) 
---'-------'-----,-- ~ 0 .125 

-+ \) + 
e 

e ·) 
(20) 

The search for process (17) in the neon bubble chamber at NAL is likely 

to be even more definitive. The study of process (18) is problematic 

because of the large backgrotmd of Dalitz pairs in neutrino collisions. 

If process (17) is not detected at the level of first order weak 

in bubble chambers it becomes interesting to see at what level the higher 

order corrections may come in and if the resulting cross section can be 

measured by massive target-cotmter techniques. An estimate of the cross 

section for process (17) proceeding through second order weak processes 
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and assuming that the weak interaction cutoff is at the unitarity limit 
· · 19 

(A "' ~ gives 

where Ev is the'-'µ energy in GeV. Using full design intensity of the NAL 

machine and a 500 ton Pb detector approximately 2 events of tyPe (17) 

would be produced per day. Thus, in principle, a purely leptonic higper 

order weak process could be detected at NAL, provided the unitarity limit 

provides the weak interaction cutoff. We do not mean, to iny)ly, however, 

that it is presently known how to separate these two events/day from the 

large backgroWld, but only that the process seems in principle detecta­

ble W1der favorable circtDnStances. Note, however, that even at this level 

the ratio of cross sections is 

cr(v + e- ~ v + e-) 
µ µ "'10-3 

a(v + ·e- ~ v + e-) e e 

and thus the resulting limit on first order weak neutral currents would 

only be at best"' 3 x 10-Z in the amplitude. Thus, it appears difficult 

to put limits on the absence of first order neutral leptonic currents to 

the levet that 6.S.f: 0 semileptonic neutral currents have reached. 

(ii) Tirnelike 

Process (12) can proceed via weak interactions in several ·speculative 

ways: (1) direct channel production of a W° on the mass shell; (2) a 

first order weak neutral current coupling of the fonn (ee)(µµ); (3) an 

induced neutral current coming from higher order weak interactions. 

Experimentally, the detection of any of these weak processes requires 

a suppression of the dominunt electromagnetic amplitudes and a unique 



290 

signature for the weak process. It appears that a sizable suppression 

of the first order electrodynamic contribution can be obtained if the 

initial leptons in process (12) are highly polarized in opposite trans­

verse directions. A 'hole' appears in the angular distribution of the 

outgoing Tm.lons at favored values of e and¢ (~os0 = Pµ•Pe' cos¢sin8 = 

,... ,... h ,... . . t l th - l . . · )38, 43 Th. Pµ"a, were a is a unit vec or a ong e e po ar1zat1on vectQr. is 

•hole' is illustrated in fig. 2 as the ratio of the differential cross 

section for reaction (12) for completely polarized initial leptons to 

the cross section for unpolarized initial leptons; and in fig. 3 in a 

projection drawing of the differential cross section for the two cases. 

At the bottom of the }hole' should be a sensitive place to search for 

any anamolies in process (12) including a weak interaction process~8In 

particular theµ longitudinal pblarization will likely be sensitive to 

interference between first order FM and perhaps weak amplitudes. The polar­

ization will be enhanced in the 'hole'~
8•1i is too early to conclusively 

conclude that amplitudes can be uniquely extracted in this way, but there 

seems to be an intriguing possibility here that should be pursued. It 

seems very likely that the existence of a W° boson with mass below~ 8 

GeV could be directly observed in this way~8 Careful theoretical calcula­

tions of this polarization and the background from higher order FM pro­

cesses would be very useful in planning experiments. 
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3. Semi-leptonic Processes 

a. Second Order Weak K Decays 

The studies of K meson decays over the past two decades have provided 

a rich field for the study of nature and the weak interaction. Nearly 

every synnnetry principle of particle physics has been successfully tested 

or f01.md to be violated using K meson decays. The primary reason for this 

richness of the K meson system is due to the large mass of the Kaon relative 

to the leptons and 1r mesons. It is fortunate indeed that K mesons exist. 

Higher order corrections could, in principle, show up in any,: K decay includ­

ing the nonleptonic decays. If the intrinsic coupling constant were large 

then the higher order corrections might be of comparable magnitµde to the 

first order processes. For this reason exhaustive searches for rare decay 

modes of K mesons is of considerable importance. Any rare decay that is 

observed with an anomalous rate relative to the best theoretical guesses 

for the rate based on first drder theory, is a candidate for evidence 

concerning higher order weak processes. In fig. 4 is shown the branching 

fraction levels to which exhaustive searches ·for rare decays have been made. 

In this figure are examples of processes with the lowest branching ratios 

that have been presently studied.· As a rough rule of thlUllb exhaustive 
+ . . 

searches for rare K decay modes have been extended down to a branching ratio 

of 'v·io-S to l0-6•45For Ki, decays the corresponding branching ratio is 
-3 -4 -2 -3 'v(lO to 10 ) and for Ks mesons the branching ratio is only "'(10 to 10 ). 

For K- mesons the branching ratio is 'v '. 10-2, however, CP invariance requires 
+ - ' + . . 

the K and K decay ratios to be the same and the results from K decays can 

then be inferred for K- decays. In some cases it is possible to relate Ki, 

and K+ decays of Ks and K+ decays and therefore the results for K+ decays 
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can be applied to the KL' Ks decays. 

Recently searches for special individual rare decay modes have been 

extended down to the branching ratio of~ (10- 8 to 10-9)?9 Although only 

a,few experiments of this kind have been attempted we may hope that the 

branching ratios region of 10-6 to 10-lO will be searched considerably 

more in the future. The advent of high intensity K± and K0 beams at 

the AGS and the Bevatron will be the key factor in these studies. 

The study of rare decay modes of K mesons therefore naturally divides 

into two parts. Studies of the branching ratio region of 10-2 to 10-6 

where nearly exhaustiv~ searches for all rare decay modes have been made 

and the branching ratio of 10-6 to 10-lO where studies are just beginning. 

It appears that no important surprises are fotmd in the K decay processes 

observed down to the level of~ 10-6• It seems likely that the higher 

order processes are not important in this region. 

At lower levels the search for HOW processes has been associated with 

the ~Qr O selection rule and this seems to be the logical place to push for 

definitive evidence of HOW process~s. The most important decay processes 

in this respect are 

+ -
-+ 7T vv , 

Ko o + -
1 -+ n e e 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

In the first four cases the decay can also proceed through a first order weak 
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and first or second order electromagnetic transition. Unless interference 

is invoked between the R)W and the electromagnetic processes, these 

processes . can only be used to search for 1-DW arnpli tudes down to the level 

of th~ electromagnetic amplitudes. In both processes 13 and 15 the oresent 

experiments have.approximately reached the level where the E.M. processes 

should be seen. These processes will probably not be useful to pursue 

the search to lower levels tmless something is amiss in our present tmder­

standing of the electromagnetic corrections. 

Processes ·17 and 18 are likely to provide the 100st sen~itive.way to 

wambiguously search for lDI processes and push lower the limit 6Q = O, 

68 -~ Ocurrents. The first order weak-electromagnetic amplitude for process 

17 is expected to be highly suppressed due to the zero cllarge of the Jleutrino. 

f:k,wever since the neutrino is likely to have distribution of charge the. 

amplitude does not .vanish~ A crude guess is that the · rate for this process · 

should be at · least down by q4• <r2>2, ·where r is the electromagnetic radius 

· of the neutrino. The best guess ·for <r2> is "' 10-32~ 2 and for q2 -~ m! 

we obtain a suppression factor of 10""12 in the rate.46Thus process 11 

should be safe as a signature for. lDI or neutral currents down to a branch­

ing ratio of"' 10-18• 

The electromagnetic contribution to process 18 is likely to be strongly · 
' ' ' 

suppressed because·CP invariance forbids the single photon intennediate 

state contribution to this process.26Toe lowest order B.M. process will then 

be due to diagrams with two photon intennediate states. We can crudely 

estimate the lower limit due to such contributions using a recent eJ_Cperimental 

limit on K+ -+- Tr+y-y45 
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+ - + + 
r(KL + n°e e) ~ a r(K+ + n rr) ~ 10-5• z x 10-5 ~ 10-10. 
r(KL + all) r(K + all) 

Using current theoretical estimates for the rate of K+ + n+yy we find a 

btanching factor of ~ 10-12 or less •45 The contribution coming from CP 

violation in the first order weak process is eXl)ected to be much smaller. 

Experimentally, process 17 has been searched for in two experiments 

each covering a different region of the available phase space~5,Are best 

limit for the process that is independent of the behavior of the matrix 

elerent is ~ 4 x 10-5 at the 90% confidence levei.45 If a phase space or 
. 52 

V-A matrix element is asslD'OOd the limit is reduced by an order of magnitude. 
, 

It seems feasible to search for this process, in the near future down to 

the level of~ 10-10• 

Process 18 has -yet to be searched for in any definite way. Consider­

ing all factors · this process is likely the best candidate for a realistic 

s_earch .for IDl ·process if the branching ratios a;e below 10-9• 

It is possible to estimate the rate for processes 17 and 18 due to 

oow ·in perturbation theoiy as discussed .in the introduction. Primakoff 

has estimated that 19 

f(K + nvv,n°tt)~ 8~zcos2e 
f(K + ntv) c 

where ec is the Cabbibo angle. If these processes are not detected before 

. 10"".12 in this· ratio, A the resulting cutoff would be reduced to ~ ·1 GeV. 

b. Interference Between Second Order Weak Amplitudes and Others 

A possiblymore sensitive teclmique to search for 1-DW is to observe 

a large sample of events of the kind 

+ + + -K + n e e (15) 
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that likely proceeds dominately through first order weak-first order E.M. 
•. . + -

processes. An asyrronetry in the momentum spectnun of thee and e could 

come about because of the I-OW amplitude interfering with the lowest order 

process. Estimates of this effect have been presented in reference 27. 

Until process 15 ,is experimentally observed, it is impossible to estimate 
47 

the experimental feasibility of this approach. 

c. Production of Leptons in Hadron Collisions (NN + (t,v) + hadrons) 

If (t,v) lepton pairs were observed in hadron collision direct evidence 

for weak transitions in these processes would be obtained. Lederman has 

suggested that at a high energy pp colliding berun facility it might be 

possible to observe such processes.
48

He has used an analogy with the process 

pp+ (t,i) + hadrons and attempted to extrapolate available data at low 

energies to these very high C.M. energies. Provided this all works, we 

might expect that high mass (t,v) pairs would be produced. In fact it 

might be possible to obtain ev~nts where 
2 . . 

mtv "' su. 

Since the lepton system is at the srune s as the tmitarity limit we might 

expect appreciable (perhaps observable) HOW amplitudes. 
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4. Non-leptonic Processes 

(a) · Violation of Selection Rules 

As can be. seen_ fran table 3, the only important selection rule for 

ponleptonic processes seeim; to be the AS< 2 rule. The only obvious way 

to search for RJW nan-leptonic amplitudes is to search for AS> 2 transi-. -
tions. The only experimentally detected non-leptonic processes with 

AS > O are kaon and hyperon decays. The only AS ~ 2 lcaonic process is 

the interaction responsible for the Ks - Ki, mass difference. It is pre­

sently thought that the mass -difference is due to fDWwhich break the 

AS< 2 rule. Unforttmately, the mass difference is only one very small 

· nmi>er and it has no~ yet been calculated_ reliably. The search for other 

flJW 8Jl1)litudes ·is likely _to be .best accoq>lished .bylooking for the de­

cays of IS I > 1 hyperons . into S • 0 final states. For exanple: · 

=- + mr- ·(AS• 2) 

=o + p,r - (~ • 2) 

sf + 11' -n (AS • 3) 

+ 11'-A (AS• 2) 

(19) 

(20) 

(21) 

(22) 

With the -advent of high energy proton beams it becomes feasible to 

produce copious high _energy hyperon beams. Process (20) is the easiest 

to detect because of the two charged particles in the final state and the 

characteristic Q value of the process relative to A + ,(p decay. · There 

is an approved experiment at NAL which will likely be sensitive to this pro-
49 . . . · . . . 

cess. It has been estimated that a branching ratio limit of"' 10-8. can 

be reached within a nodest nmning time if the NAL machine nms at de-
• . in • so . . -10 . 

sign tensity. March estimates that a limit of"' 10 might eventually 
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be achieved. SO 

Theoretical estimates of the possible OOW contribution to these pro­

cesses seem to be nonexistent and would be appreciated. 

b. · CPViolation as 2nd Order Weak 

In the Wolfenstein supetweak theory Qf CP Violation, the violation 

occurs in the mass matrix with l\S a 2. It seems to us quite possible 

(but we know of no theoretical suagestions along this line) that the CP 

violation is a direct manisfestation of HOW processes. 
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S. lligh Energy Neutrino Scattering · 

Clearly the most likely place to observe departures fro~ the expect-

ations of conventional, lowest order weak theory is at larges, in neutrino 

,scattering. It is forttmate indeed that tmder certain ciret.m1Stances the 

hadronic systems in such collisions will likely behave as though they 

were massive, pointlike scattering centers. Thus we expect that very high 

momenttnn transfers can be achieved in early experiments at NAL and the 

CERN SPS. 
. 

As before we expect OOW process to lead to violations of certain 

selection rules in neutrino processes. In addition it may be possible 

to directly observe the nonlocality that HOW process may produce. 

a. Electromagnetic Charge Radius of the Neutrino 

The small distance behavior of weak interactions will be sensitive­

ly probed by observing the charge radius of the neutrino. The byst guess 

L: th. d. 1 els t· · · f 46 
LOT is ra ius ea o a cross section ratio o 

cr(v + N + V + N) 
- JJ 11 . "' 10 -.s 
a(v + N + µ- + N) µ 

We would also expect by analogy that the contribution to deep inelastic 

v
11 

scattering would also behave the same way with 

The process 

cr(v
11 

+ N ➔ v __ µ + all) 5 
-----~---"' 10-
cr(v + N +µ-+all) µ 

(19) 
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could also arise from 6S = 0, 6Q = 0 first order semileptonic currents 

and from HOW induced neutral currents. Thus, we exoect that the search 

for such induced currents will not be confused by EM processes (i.e. the 

v chprge radius) tn1less the resulting cross section is only~ 10-S of 
l1 

the charged current cross sections. 

The measurement of the charge radius is in itself an interesting 

experiment. In order to separate the charge radius from the neutral cur­

rents the z2 behavior of the electromagnetic process would need to be 

observed. 

b. Deep Inelastic 'Neutral' Currents 

The SLAC experiments have given evidence that hadrons can 'act' 

point like if appropriate processes· are studied (inclusive processes)f4 

Using high energy neutrinos, and hitting these 'pseudo point like .hadrons' 

allows very high momentum transfers in the lepton-lepton system. To 

the extent that the hadrons act point-like,the HOW divergent intergals 
. 

may truly be cutoff by the weak interactions and not the hadronic size. 

It is thus possible that if the weak interactions cutoff is near~ 

the HOW amplitudes may be relatively much larger than in the case of semi­

leptonic decay processes. Thus, these processes may be almost 'lepton­

lepton like' 

•Experimentally it would be necessary to study the processes 

v + N + v + (all) µ µ 

and separate this from the large backgrotn1d of events 

v + N + µ + (all) µ 

(19) 

(20) 
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In particular it would be.necessary to prove that there is noµ in the 

final state. It is likely that this can be easily done in a Ne bubble 

chamber or the detector for EIA at NAL if the ratio of cross sections 

for these reactions is 10-2 - I0- 3•
39

Going to smaller ratios would like­

ly require a,rnajor change of the experimental ~etup for ElA or the use 

of the Ne bubble chamber with an External 1-bon Identifier to reject a 

larger fraction of events of type (20). 

Primakoff has estimated the ratio of these cross section to be
19 

cr(v + N + v + all) 
µ µ = 3(2 

cr(v + N + µ + all) µ 

for the integrated cross section. This ratio would likely be larger if 

only large q2 (= (pv - Pµ) 2) events were used. For A"' rs;;we obtain a 

theoretical ratio of"' 10-3• Thus, if the weak interaction cutoff is at 

.~ and if · the hadronic system in reaction (19) does not .provide a cutoff of 

the divergent integral and if the cutoff procedure is valid, then the HOW 

induced process (19) will likely be observed at NAL. 

c. Breakdown of Locality in Deep Inelastic Scattering 

We now tum to a brief discussion of the possibility of direct locality 

tests in deep inelastic processes of the type53 

v + N + µ- + (all) (20) 
µ 

and thus the direct observation of the 'range' of weak interactions. We use 

the ordinary definitions of the variables for process 20 

q2 = 4E E sin2e /2 
V µ µ 

v = E - E 
V µ 

x = q
2
/2~; y = v/Ev 
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If scale invariance holds the differential cross section can be expressed 

entirely as a function of x and y. We asstu11e that scale invarience holds 

and proceed to discuss locality tests (which test the locality at the 

· lepton-lepton vertex if these asstnnptions are valid). We must distinguish 

two kinds of nonlocality in this regard. 

(a) Type 1. In the (v-µ) system an orbital angular momenttu11 of> 0 

is observed. Tests for this kind of nonlocality were pointed out long ago 

by Lee and Yang~1 These tests take on a particular significance when high 

JOOmenttu11 transfer collisions are studied. The most general ~xpression for 

the differential cross section for inelastic neutrino scattering, if locality 

holds, is of the fonn 
2 . 
~ = G(q2 ,x) f(y;x,q2) 

with f = I: a~..;1 and an = 0 for n > 2. 
n=O 

(b) · Type 2. This · is the type . of nonlocality that comes from a 

meson propagating from the leptmiic vertex to the hadronic vertex~ The 
; . . . 

'· mesonic propagator is then expected to modify the differential -· cross section . · 

~or deep inelastic scattering. If .scale invariance holds it would then be 

possible to write the diffe:re.ntial cross section as a product of ·three 

ftmctions (taking the diffraction:· model) 

where, in particular we . take · the meson mass to be the W mass , · 
. I 

. f(q2) ·-: - ·. 1 _ • 
(1 + q2/~)2 

· This might aUow us to -search well above the mass range covered by the direct 
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production of W's by neutrinos. If scale invariance is badly broken it 

would be difficult to use deep inelastic scattering to probe this fonn 

of nonlocali ty. 

In fig. 5 is shown graphically the type of measurements that would 

be used to test for a breaking of the two typ~s of locality. We have 

assumed that the NAL machine only runs at 200 GeV for this graph. In one 

case (q2,x) would be fixed and the behavior of the resulting cross section 

with y would be studied. If y3 or higher powers of y are needed to explain 

the data,"evidence for nonlocality of type 1 would be obtained. In the 

second case. (x,y) would be fixed and the resulting q2 behavior of the cross 

section will be studied. 

In fig. 5 is also shown the possible sensitivity of this probe of 

locality. Present tests of type 1 locality have reached the level of 

~ 10-13an (in K-decay) whereas the experiment proposed here offers the 

possibility of studying·distances of the order of 10-15an. An increase of 

two orders of magnitude in the locality check would clearly be of great 

interest. 

We now briefly tum to the question of event rates for the deep 

inelastic process. We use as an example the predicted rates for ElA. 33 

This detector which is schematically illustrated in fig. 6 will have a 

· target mass of~ 400-500 tons. This is to be compared with the large H2 
bubble chamber at NAL with a target mass of~ 1 ton and the Ne filled 

chamber with a mass of~ 20 tons. 

In table 3 we present the expected rates/day for events where q2 > 200 

GeV/c2, tmder a variety of assumptions concerning the incident neutrino 

beam for 500 GeV/c protons in the machine. Even in the nnst pessimistic 

\ 
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case an adequate number of events can be obtained to carry out the 

the locality test described above. '11ms it seems likely that a definHive 

statement can be made concerning the range of weak interactions down to 

'v 10-lSan. With good luck and a 1000 GeV NAL proton beam perhaps 10- 16an 

could be reached .. 
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6. Slut1nary and Conclusions 

111e short ranged behavior of the weak interaction is not presently 

known. Within the framework of conventional theory a pointlike interaction 

leads to divergent integrals .which must be cutoff. It is probably necessary 

to consider-different cutoffs depending on th~ type of process being 

investigated. For example, the cutoffs might be arranged as ANL' ASL' AL 

denoting the nonleptonic, semileptonic and leptonic processes, respectively. 

We suggest that a further subdivision of the semileptonic taking into 

accolDlt the quasi-point-like behavior of the hadrons in deep inelastic 

processes. We denote this cutoff as ASLDI for semileptonic-deep inelastic. 

Possibly this cutoff ,is more directly related to the AL whereas the ASL is 

more directly related to~- However, argtnnents based on the Bjorken 

technique would likely not differentiate these cutoffs. 

Within this framework we can sturmarize the conclusions of this paper 

1. The search for ~Q = 0 semileptonic decay processes limits 

ASL~ 15 GeV. Reducing this limit further will require the 

search for 6Q = 0 processes that have strongly suppressed 

electromagnetic corrections. Two processes were suggested where 

the electromagnetic correction is likely sufficiently small to 

allow a limit o~ ASL of~ 1 GeV. The search for these processes 

requires new high intensity K beruns. 

2. The search for 6Q = 0 leptonic processes, in principle, allow an 

upper limit to be set on AL of ~(100-300) GeV. The experimental 

detection of such processes will be very difficult. 

3. The search for 6Q = 0 semileptonic-deep inelastic processes will 
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probably allow an upper limit of"' 100 GeV to be set on ASLDI' 

The experiment looks feasible at NAL either using the Ne bubble 

chamber or the massive calorimeter-target detector. 

4, A lower limit on ASLDI can likely be set by observing the 

resulting nonlocality (type 2). We guess that ASLDI > 30 GeV 

can be obtained at NAL with the large calorimeter-target dectectors. 

5. The existence of a W0 with mass less than 8 GeV and a w± with mass 
. . . + - + -

less than (11-15) GeV can be detennined using e e -+ µ µ and 

neutrino production, respectively. First order neutral leptonic 

currents at high Q2 might also be detected in e+e--+ µ+µ-. 

6. A breakdown of locality of type 2 in the weak interaction might 
i 

be detected at high Q2 using deep inelastic neutrino scattering. 

7. A crude limit can be set on ~ by searching for l::.S ~ 2 decays. 

Thus within this conventional picture it would be possible to bracket 

ASLDI by J\SLDI < 100 GeV end 1\SLDI > 30 GeV. This is about the best we 
., 

can hope for. If ASLDI "'ASL then the present limits on ASL would lead to 

interes.ting-observable nonlocal · effects in the neutrino experiments. 

The rost exciting possibility is of course that totally new phenomena 

dominate weak ·interactions at larges and Q2• In this regard .neutrino 

microscopy also offers the exciting possibility of probing nature in the 

new region of small distances. 

We wish to thank Profs. J. D. Bjorken, A. K. Mann, C. Rubbia, and S. 

Treiman for helpful discussions. This is not to imply that these people 

share the same optimistic viewpoint as expressed in this paper. 
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Table 1. 

Present Information· On The Weak Interaction Cut off 

PROCESS COMMENTS AUTHORS 

_, 2600 GeV v+v -w+W Intermediate Boson , , 
theory Gel I Monn et al. · 

rv 320 GeV v+e - 11 + µ. Simple unitary limit 

rv 30 GeV 11+/- 11+ t 

< 14 GeV 

Arv 8 GeV 

Arv (4-8) GeV 

A ~ Smal I 

KL-µ-µ-

K - .,.,.,., s 

KL - K5Moss 
difference 

Rare Electro -
magnetic decays 
of K mesons 

A ~Small Nonleptonic 
decoys 

/\ > 2 GeV W production 

Cut off of divergent 
integral I offe and Shobol in 

Crossing symmetry Applequist and 
included in calculation Bjorken 7 

Cut off of divergent 
intergrols using 
B jorken technique 

Soft -rr and K 
techniques 

Bjorken technique 
and cut off of 
divergent intergrols 

Electromagnetic 
processes with 
virtual photon 

. diverge quadratically 

frvG/\2 rv 105-IQ-6 

Assume /\rv M w 

I offe and others' 
7 

( LRL Experiment ).:l.'7 

Glashow , Schn i tzer 
and Weinberga, 

Ioffe et 01.'-S: 17 

Mohapatro et al.' k 

Geshkenbein and 
Ioffe 60 

CERN bubble 
chamber and 
counter experiments 



Selection Rule 

t'\Q r O, leptonic 

6Q r 0, semileptonic 

6S = 0 

6S = llQ, semileptonic 

6S <·2, semileptonic 

6S <2, nonleptonic 
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Table 2 

'v 1 

~ 3 X 10-3 

"'S x 10-1 

. 'v 10-l - 4 X 10·2 

"' 10-1 

'v 

'v 1 

"' 1 

10·1 

3 X 10-z 

Processes that 
Violate the Rule 

-v +e+v +e µ µ 

-+ -e e -+ \) \) µ µ 

+ -e e + -+ µ µ 

+ -
Ki,-+µµ 

+ + + -K -+ rr e e 

+ + -K -+ 1T vv 
-v +n+rrpv µ µ 

+ -K0 -+ rr e v 

+ + + -K + ,r ,r e v 

+ + 
1: + ne v 

-- + ne \) 

- -n + ne \) 

-- + 1T n 

:0 -+ 1T p 

- -n + 1T n 

- -n + 1T A 
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Table 3 

Rate for Selected~ Inelastic 
Scattering Events with q >200(GeV/2) 2 

(Based on the Parton t,t,del)* 

E ()lad Focus No Focus ()lad Focus No Focus ·. Quad Focus 
V 

H-R H-R· . CICP CICP H-R H3Target(2jTons 
135-145 12 s 2 1 .2 

145-155 67 28 10 4 .9 

155-165 125 53 16 7 1.6, 

165-175 172 77 17 8 2.2 

175-185 238 103 19 8 3.1 

185-195 280 118 18 8 3.7 

195-205 308 132 16 7 4.0 

205-215 300 128 13 6 . 3~9 
, 

215-22S 280 120 12 s 3.6 

22S-235 280 120 11 s 3.6 

235;.245 23S 104 10 4 3.1 

24S-25S 200 81 8 3 2.6 · 

Total 32.5 H2 Target Events/lay Rate 
(192 Ton Detector) 2497 1070 152 66 

(20 Ton Detector) 260 107 16 6.6 

*Folding in the correct detecticn efficiency my drop all of these rates by factors of 
at least 2. · 



313 

" 

WEAK INTERACTIONS AT 

LOW ENERGIES HIGH AND 

ENERGY OF lRANSITION 

1' 

~ 
0 IO 

10◄ 

10--

LFETIME OF TRANSITION 

7 
HIGt£R ORDER W.l 

LuNITARITY LIMIT FOR PONr 
PROT0N 

• • a. 
t 
z 

NVVVVV\ 

? 
-

j 10 

( fie NONt.E~) 
r ICT1 

10-r 

? 

CP VIOLATION K, ➔,.,. ? 
CP VIOLATION I( .+,r,r 

LNIT ON AS•-AQ TRANSITION 

LIP,IIT ON K LIMIT ON NON­
Mr HAEE 8CO't LEPTONIC AS•t 

AS•I LEPTONIC . HOH\.EPTONC 
DECAYS AT'f/A RATE 

AS•O LEPTONIC DECAYS 

NONLEPTONIC DECAYS 
AT• 

/VV\/\1\J\N\1\/ 

( 
t.S • 2 TRANSITIOO ) 

~ -KL OR HIGt£R ORDER W.I. 
/VV\N LIMITS OF 
PRESENT "KNOWLEDGE• 

MASS OIFFERANCE 

Figure l 



314 

.7 
8=70°, 110° 

~8=80°,100° 

-60 -50-40-30-20 -10 0 10 20 30 40 50 60 

~o Figure 2 



315' 

I~, = I 

\ 

Figure J 



I-=; 
I-'• 

(J'q 
~ 
Ii 
CD 

~ 

-q 
r 

0 
I 

0 
I I I 

cn o l> rn 
rnz rx 
l> rn r :J: 
::0 )> 
oooc 
:I: :::o rn cn rn -i 
03:0< 
. o ~rn 
~ :::0 
;o rn 3: cn 

3: a£! 
0 0 ::0 o rno 
rn cn :I: 
(I) 

~ 
::0 

9 • I I 

r-,._➔,,C­
t) ~ 
i 

BRANCHING RATIO 

- 6 - 6 6 0 0 0 0 9 I I I I I I i • ... • 0 .. CII .. 
I I I I I I I I I I I I I I I I 

•~'i➔~ 
.. .. " •?--. 

SEMI [EPTONIC (2~ LEPTONS)· 

A➔ C HADRONIC - Pf-OTONIC I 
.. >--1 
at ' 

I 

I'=. 
"' ~ . C HADRONIC - LEPTONIC - PHOTONIC I 
,t ➔c HAORONIC _ L~IQ~NtC~~ (4 LEPTONS) 1 
1: 

C9 
~ 

er➔( 
1 
{ 

- SEMILEPTONIC = (2 LEPTONS) ! 
,..,.. ~ ( HADRONIC - PHOTON:C I 
~ HADRO (Eic -LEPTONIC-PHOTONIQ 

~ H rioRONIC -LEPTONIC! 

= SEMILEPTONJC (2 LEPTONS) ! 

(AA > C HADRONIC - PHOTONIC! 

~- HADRONIC ~LEEJTONIC - f>HOTONIC! 

"'< . HADR (€N1C - LEPTONICl 

" + 

" ro -C') 
-u 
ll 
I = 

" en o 

0 
-u 
ll 
+ = 

::0 

~ 
rn 

0 

~ " )> 

-< 3: w 
n, 

8~ 
;: 

rn 
(I) 
rn 
)> 
::0. 
C') 
:I: 
rn 
(I) 



L DEEP INE. LASTIC NEUT.RINO . :F E 
1201• SCATTERING ·· .· i s. 

. 0 
N -I 0 ~- w 
~ a: ~ 

IOOt- / ~ ~ 2 x 0: 
~ a~~ 

";.f 

~ 80~ . / ·•'. ·.. i! ~ ~ . t: ~ . -~.e' t; > . ~ . - - ~ 
(l) ..J . . 0 .... 

~ 6Qr :3 /·. I FIX ( x,q2
),VARY y 

N I (I) F ( y ) " t y" i -C- I . 2 n• 0 · ,,, ·L -"-rate w - large q ·-~~, . •o 
40t- yi . //" (study locality at lepton -- · I 

I 1 ~ -·.· •· wr~x) . 
"' ~ 
"' 

201- / V' _A ________--: -j·:~a! 
"'• 20 ---- ~ 

10"''4 ·~ 
o...a.t«:::::~:;;;;_ 1!!!!!!!!!1=0===::::::t;20=,=====30=, :___, -40-, --, 50-.-_ .. --60-,---1i-b ___ s_o __ 90_' _ _.:1=:I \ H 

Figure 5 ·Eh . GeV/c -



-v,...,v,... 

HARVARD-PENNSYLVANIA- WISCONSIN NEUTRINO 
DETECTOR (SCHEMATIC} . 

Cameras for calorimeter 
spark chambers 
~~ ......... 

j • c::::, 
I Three sections with 

I I spark chambers between 
sections Three stacked Pb: : 

scintillator _ 4 m 
modules ___, : r; ~ !=-= ::$;==:pffril 

3m 

E 

0 
0 :r 
0 (.) 

:IC 

0 a: 
~ 0 Cf) 

0 n. ----
I 
I 

'------
-- ---

J:-----__. jr() Pm's : ~ 
0 3: ,..A ·v·, OQ )..~ 

~· -~~ 
H2 TARGET CALORIMETER 

Figure 6 

E 
v 

IRON CORE MAGNET 

w 
C0 


